In type 1 and type 2 diabetes mellitus, increased cardiac fibrosis, stiffness and associated diastolic dysfunction may be the earliest pathological phenomena in diabetic cardiomyopathy. Endothelial-mesenchymal transition (EndMT) in endothelia cells (ECs) is a critical cellular phenomenon that increases cardiac fibroblasts (CFs) and cardiac fibrosis in diabetic hearts. The purpose of this paper is to explore the molecular mechanism of miR-21 regulating EndMT and cardiac perivascular fibrosis in diabetic cardiomyopathy.
| INTRODUC TI ON
Type 1 and type 2 diabetes mellitus (T1DM and T2DM) increased the risk of heart failure (HF), 1,2 thereby inducing cardiomyopathy (referred to as diabetic cardiomyopathy), despite of the other cardiac risk factors, for instance, hypertension, atherosclerosis and valvular disease. [3] [4] [5] Cardiac fibrosis and early-stage left ventricular (LV) hypertrophy are the characteristics of diabetic cardiomyopathy, 3, 4 which often progresses to heart failure with reduced ejection fraction (HFrEF). 6 In T1DM and T2DM, increased cardiac fibrosis, stiffness and associated diastolic dysfunction possibly are the earliest pathological varieties of diabetic cardiomyopathy. 7 The underlying pathological mechanisms including perivascular and cardiac interstitial fibrosis and myocardial cell death in cardiac fibrosis pathogenesis in diabetic cardiomyopathy are well acknowledged, 8 but most studies evaluated T2DM patients and animal models. However, the effect of T1DM on cardiac fibrosis is still unclear. 9 The protein expression of myocardial extracellular matrix (ECM), especially collagen type I and III, is often elevated in T1DM and T2DM. 10, 11 Excessive production and accumulation of ECM proteins 4 and an out-off-balance between MMPs and TIMPs is considered to be one of the main reasons of cardiac fibrosis in diabetic patients. 12 Cardiac fibroblasts (CFs) are the main origin of ECM proteins, and excessive deposition of ECM proteins is always accompanied by abnormal proliferation of CFs in cardiac fibrosis pathogenesis and progression. 13 Endothelial-to-mesenchymal transition (EndMT) in endothelia cells (ECs) is an important cellular phenomenon that increases CFs and cardiac fibrosis in diabetic hearts. [14] [15] [16] Fibroblast-like cells, derived from ECs via EndMT, play a significant part in the pathogenesis of cardiac fibrosis. 17, 18 EndMT is characterized by decreased intercellular adhesion accompanied with alteration in cell polarity 19, 20 wherein endothelial markers, for example, vascular endothelial cadherin (VE-cadherin) and CD31 are significantly down-regulated, while mesenchymal markers, for instance, fibroblast-specific protein-1 (FSP-1) and α-smooth muscle actin (α-SMA) are remarkably up-regulated. 21 SMADs (R-SMADs, Co-SMADs and I-SMADs), main signal transducers of TGF-β superfamily receptors, compose a protein family with homologous structure. 22 SMAD2 and SMAD3 serve as R-SMADs whereas SMAD7 belongs to I-SMADs. 22 EndMT is induced by activated TGF-β1/SMAD, MAPK/ERK and PI3K/Akt, in concert with p38 MAPK signalling pathway in ECs, thereby further promoting the cardiac fibrosis phenotype of diabetic cardiomyopathy. 23, 24 In contrast, inhibition of these pathways can prevent TGF-β-induced cardiac fibrosis. 25 NF-κB is a protein complex controls inflammation cytokine production and transcription of DNA, consisting of multiple members including RelA (p65) in mammalian cells. 26 P65, encoded by RELA gene, 27 is activated by fatty acids and hyperglycaemia in heart. 9 Although increasing evidence suggests that high glucose concentration is associated with EndMT in ECs, the mechanism underlying the regulation of EndMT in T1DM is still unclear. 28 miRNAs constitute a class of short, 20-23-nucleotide-long, non-coding RNA. 29 Recently, the parts of miRNAs in cardiac fibrosis have been confirmed, thereby revealing a new mechanism underlying the regulation of cardiac diseases. 30, 31 miR-21 has been comprehensively described in fibrosis because of its target relevance and important role in the modulation of the TGF-β1 signalling pathway, related to the pathogenesis and progression of fibrosis in various organs. [32] [33] [34] The association between miR-21 and pulmonary, renal and cardiac fibrosis has been confirmed [35] [36] [37] ; however, it is unclear whether miR-21 plays a part in EndMT and perivascular fibrosis in the heart in T1DM. The purpose of this research is to evaluate the role and the mode of miR-21 in regulating EndMT and cardiac perivascular fibrosis and to observe the influence of miR-21 inhibition on the heart of diabetic cardiomyopathy.
| MATERIAL S AND ME THODS

| Antibodies
All the antibodies were purchased from Abcam Company: anticollagen I (ab34710), anti-collagen III (ab7778), anti-fibronectin (ab2413), anti-CD31 (ab24590), anti-SMAD7 (ab216428), anti-p-p65 (ab86299), anti-p-SMAD2 (ab53100), anti-p-SMAD3 (ab52903) and anti-α-SMA (ab5694). A mouse model of T1DM was generated via continuous intraperitoneal injection of streptozotocin (S0130; STZ, Sigma-Aldrich Trading; 50 mg/kg/d) for 5 days. 38 The mice were considered to have diabetes and were used if they developed hyperglycaemia (≥12 mmol/L).
| T1DM model mice
| miR-21 inhibitor treatments
For evaluating the action of miR-21, mice were assigned to 3 groups: 
| Physiological studies
At 12 weeks after STZ injection, echocardiography was carried out by a technician in a double-blind manner using Vevo2100 High-Resolution Micro-Ultrasound System (Visual Sonics).
| Histological and immunohistochemical analyses
After physiological assessment, mice were euthanized, hearts dissected out, heart weight (HW), bodyweight (BW) and tibial length (TL) measured, followed by calculation HW/BW and HW/TL. Masson's trichrome or Sirius red staining was executed in accordance with a previously described protocol. 29 Quantitative assessments were implemented in randomly chosen areas (200×).
For immunohistochemical analysis, paraffin-embedded sections of mice cardiac tissues were treated with high-pressure antigen retrieval in citrate buffer (PH = 6.0). Sections were blocked in 5% BSA then incu- 
| In vitro analysis with HG and miR-21 inhibitor
| Immunocytochemistry and immunofluorescence staining
Mouse cardiac tissues and HUVECs were fixed with 4% paraformaldehyde. HUVECs were treated with 0.5% Triton X-100 while cardiac tissues processed as described above, then incubated with primary anti-α-SMA antibody (1:200) and anti-CD31 at 4°C after blocking with 5% BSA. The following day, cells were incubated with corresponding fluorescent antibodies: Alexa Fluor 488-labelled Goat Anti-Rabbit IgG (H + L) (A0423; Beyotime) and Cy3-conjugated Goat Anti-Mouse IgG (BA1031; Boster Biological Technology Co Ltd).
Finally, nuclei were stained with DAPI. Confocal microscope was used to visualize cells.
| Luciferase reporter assay
For assessing the activation of miR-21 by p65 or the suppression of SMAD7 by miR-21, the binding sites were mutated using the method of site directed mutagenesis. The regions containing the predicted binding sites were amplified from human genomic DNA, cut with corresponding enzymes then subcloned into pGL3-Basic/PMIR-Report vectors (Applied Biosystems). Subsequently, binding sites were deleted or mutated to further validate that p65 or miR-21 play roles by targeting the binding site. Thereafter, p65-p3xFLAG-CMV-10 and miR-21-pGL3-Basic/miR-21 and SMAD7-PMIR-Report were cotransfected into HEK293 (ATCC) with the indicated wild-type or mutant luciferase reporter, while Renilla acted as a transfection efficiency control. and anti-α-SMA (1:5000). After washing, membranes were incubated with corresponding secondary antibodies (BL001A/ BL003A; Biosharp). The results were detected using ECL Plus and imaged with Quantity One (Bio-Rad).
| qRT-PCR
: SMAD7, 5′-GGACGCTGTTGGTACACAAG-3′, 5′-GCTGCATAAACTCGTGGTCATTG-3′; α-SMA, 5′-CAGGGGGCAC CACTATGTAC-3′, 5′-CGGCTTCATCGTATTCCTGTT-3′; CD31, 5′-CGT GGTCAACATAACAGAACTA-3′, 5′-GTCCGACTTTGAGGCTATCT-3′; β-actin, 5′-GGACTTCGAGCAGGAGATGG-3′, 5′-GCACCGTGTTGGC GTAGAGG-3′.
| Western blotting
| Statistical analyses
All the data are exhibited as mean ± SD. SPSS 19.0 (IBM) served to statistical analyses. One-way ANOVA and Student's two-tailed t test were used for multiple-group comparisons and between-group comparisons, respectively. The difference was statistically significant when P < .05.
| RE SULTS
| LVEF decreased while miR-21 increased in myocardium of T1DM mice
Fasting glucose of T1DM mice increased significantly. Echocardiography was carried out for assessing cardiac function at 12 weeks after STZ injection. LVEF decreased significantly in T1DM mice ( Figure S1A,B) .
For evaluating the relationship between miR-21 and cardiac dysfunction, the mRNA level of miR-21 was assessed. miR-21 was upregulated by 2.24-fold (P < .01) ( Figure S1C ) in the myocardium of T1DM mice.
| Inhibiting miR-21 ameliorated cardiac function in T1DM mice
Whether inhibition of miR-21 repressed cardiac injury in T1DM mice was investigated upon intramuscular administration of miR-21 inhibitor in the myocardium at 4 weeks after STZ administration.
12 weeks later, we detected the basic parameters of the three different groups including HW (mg), BW (g) and fasting glucose (mmol/L) and calculated the ratio of HW/BW (mg/g) (data not displayed) and HW/TL (mg/mm). BW (data not displayed) and fasting blood glucose of T1DM mice showed no difference whether miR-21 inhibitor was injected or not ( Figure 1A,B ). LVEF deceased in T1DM mice, while miR-21 inhibitor treatment rescued STZ-induced cardiac injury ( Figure 1C,D) . Similar changes were observed in HW/TL ( Figure 1E) and the ratio of E/A ( Figure 1F ).
| Inhibition of miR-21 repressed cardiac mesenchymal fibrosis and perivascular fibrosis via suppressing EndMT in T1DM mice
Masson's and Sirius red staining revealed that production of the extracellular matrix was significantly increased in the myocardium in T1DM mice. Cardiac fibrosis and collagen deposition were raised by 3.83-fold (P < .01) and 2.58-fold (P < .01) in T1DM mice. After miR-21 inhibition, cardiac fibrosis and collagen deposition were decreased by 0.67-fold (P < .01) and 0.76-fold (P < .01).
( Figure 2A Diabetes mellitus up-regulated fibrotic markers collagen I, collagen III in addition to fibronectin, but miR-21 inhibitor reduced cardiac fibrosis ( Figure 3A ). Furthermore, Western blotting revealed that collagen I (P < .01), collagen III (P < .01) and fibronectin (P < .01) were prominently up-regulated in T1DM mice while markedly down-regulated upon miR-21 inhibition (collagen I, P < .01; collagen III, P < .01; fibronectin, P < .01) ( Figure 3B ). (Figure 4A,B) . These results suggest that miR-21 inhibition may partially alleviate EndMT in the heart of T1DM mice.
| Inhibiting miR-21 attenuated the STZ-induced SMAD pathway in the cardiac tissues in T1DM mice
Previous studies have reported that miR-21 is of key importance in CFs activation and cardiac fibrosis after myocardial infarction by targeting SMAD7. 39 Herein, immunohistochemical analysis revealed that SMAD7 was significantly down-regulated in T1DM mice, while inhibition of miR-21 up-regulated SMAD7 in perivascular tissue in diabetic myocardium (Figure 5A,B) . Western blotting revealed that p-SMAD2 and p-SMAD3 were markedly up-regulated, while SMAD7 was observably down-regulated in T1DM mice. However, in miR-21 inhibitor-treated mice, the activation of p-SMAD2 and p-SMAD3 was markedly reduced, but that of SMAD7 was observably increased. The results indicated that inhibition of miR-21 may suppress the activation of the p-SMAD2 and p-SMAD3 pathway in the heart of T1DM mice via up-regulation of SMAD7 ( Figure 5C ,D).
| miR-21 is positively regulated by p65
Because blood glucose is elevated in patients and mice with T1DM, HUVECs treated with high glucose concentrations were used to elucidate the mechanism underlying changes in myocardial miR-21 expression in T1DM mice.
Immunohistochemical results of p-p65 in mouse cardiac tissues confirmed that the expression of p-p65 was activated in T1DM mice ( Figure 6A ). Conservatism prediction revealed that the binding site of p65 is evolutionarily conserved across taxa ( Figure 6B ).
The results of qRT-PCR revealed that miR-21 was markedly upregulated upon treatment with HG and evidently down-regulated after siRNA for p65 ( Figure 6C ) or after treatment with p65 inhibitor QC ( Figure 6D ). Figure 6E ).
The luciferase activity of miR-21 was significantly increased under the action of p65, which was decreased upon deletion p65 binding site ( Figure 6F ). The results indicated that SMAD7 mRNA levels remained largely unchanged ( Figure S2B ). Furthermore, the luciferase activation of WT was significantly repressed by miR-21 compared with the mutant SMAD7 (Figure S2C,D) . Western blotting revealed that SMAD7 was significantly down-regulated when treated with miR-21 ( Figure   S2E ,F), while notably up-regulated when treated with miR-21 inhibitor in HUVECs (Figure S2E,F) . All results suggested that SMAD7 is directly regulated by miR-21 in HUVECs.
| SMAD7 is directly regulated by miR-21 in HUVECs
| miR-21 inhibition repressed HG-mediated EndMT in vitro via regulation of SMAD pathway
Western blotting revealed that CD31 and SMAD7 were markedly down-regulated (P < .01) with the increase in glucose concentration; however, α-SMA was significantly up-regulated (P < .01) in HUVECs, which was confirmed by immunofluorescence of CD31 and α-SMA.
Moreover, p-SMAD2 and p-SMAD3 were significantly activated by HG. These events were reversed upon treatment with miR-21 inhibitor. After siRNA-mediated knockdown of SMAD7, the protective effect of miR-21 inhibition was diminished ( Figure 7A-C) . miR-21 inhibition also prevented EndMT caused by TGF-β1 (10 ng/mL) ( Figure   S3 ). These results indicated that miR-21 inhibitor may inhibit EndMT in vitro. that already exists. 40 It is well known that miR-21 can induce fibrosis in many organs, for instance, kidney and heart 41, 42 and promote collagen synthesis in fibroblasts treated with HG. 43 We observed that increased miR-21 may induce both cardiac In the present study, endothelial marker was down-regulated and fibroblast marker up-regulated, and these changes are correlated with miR-21 up-regulation.
| D ISCUSS I ON
miR-21 has a wide range of functions. By targeting PDCD4, miR-21 participated in preventing cardiomyocyte death. 45 FasL or PTEN belonging to anti-apoptotic gene is also the target of miR-21. 46 miR-21 participates in the process of angiogenesis and repair of inflammation or ischaemic injury by reducing NF-κB or through PTEN/ AKT/ERK1-VEGF pathway. 46 Excessive expression of miR-21 in bone marrow-derived mesenchymal stem cells can effectively repair myocardial injury in rats. 47 In the upstream, miR-21 was regulated by HIF1A, 48 binding together with PER2, which is vital for regulating HIF1A target genes, in hypoxia. 49 SMAD7 is directly regulated by miR-21 in CFs. 39 A population genetic research reported that SMAD7 may be associated with the pathogenesis of T1DM and T2DM. In T2DM, an intronic variant IVS2-21 C > T of SMAD7 is associated with the disease under the recessive genetic model. 50 Merriman et al suggested an association between chromosome 18q12-q21 region (SMAD7 locates) with T1DM in 882 families, 51 and Barrett et al confirmed the association between rs12953717, a tag SNP (P = 10 −6 ) for SMAD7, and T1DM in a genome-wide association study among Caucasians. 52 Furthermore, a study involving 928 T1DM patients and 922 control patients revealed that three genes, including SMAD7, were down-regulated in T1DM patients. 53 In HUVECs, SMAD7 was confirmed remains a direct target of SMAD7 attenuates TGF-β/SMAD signal transduction, which is reported to be a classic pathway to participate in the activation of EndMT. 54 The specific receptors (TGF-βRI/TGF-βRII) of TGF-β are activated by TGF-β, subsequently stimulating phosphorylation of SMAD2 and SMAD3. 55 Complexes formed by p-SMAD2, p-SMAD3 and SMAD4 translocate from cytoplasm to nucleus regulating downstream targets containing SMAD7. 56 Herein, SMAD7 was down-regulated, whereas the phosphorylation of SMAD2 and SMAD3 enhanced in the myocardium in In the present study, a model was proposed to interpret the action of miR-21 in perivascular fibrosis caused by hyperglycaemia ( Figure S4 ). Overall, hyperglycaemia up-regulated miR-21, followed by down-regulation of its target SMAD7, which, in turn, enhanced the phosphorylation of SMAD2 and SMAD3, thereby promoting EndMT activation and myocardial fibrosis. To our knowledge, this is the first study to reveal the part of miR-21 in regulating myocardial perivascular fibrosis in T1DM.
Our study has the following limitations. Although the results suggest that miR-21 plays an important regulatory part in cardiac perivascular fibrosis, the relationship between miR-21 and SMAD7 did not display one-to-one stoichiometry. Furthermore, miRNAs have numerous target genes, and our study has not ruled out the possibility that miR-21 promotes the pathogenesis of cardiac perivascular fibrosis by simultaneously targeting other genes in T1DM; the present results merely confirm that SMAD7 brings into play in this process. In the future research, the role of miR-21 and other target genes besides SMAD7 in the EndMT process and the specific molecular mechanism will be focused on. More importantly, our existing research lacks an endothelial cell (EC)-specific miR-21 knockout mice experiments, since miR-21 inhibitor is known to have little or no specificity for cell types when administered to mice in vivo. Therefore, further experimental studies are needed to address this issue. Although population-level evidence confirms that both miR-21 and SMAD7 are closely associated with T1DM and T2DM, whether SMAD7 expression is affected by miR-21 in the long-term, and the exact role of miR-21 and SMAD7 in myocardial fibrosis and heart failure in patients with T1DM needs more evidence in the future prospective clinic studies. Since STZ-induced diabetic mice exhibited changes in cardiac systolic function at This study indicated that inhibiting miR-21 may prevent myocardial perivascular fibrosis and ameliorate myocardial function of T1DM partially by inhibiting EndMT. Potential mechanism may involve NF-κB/miR-21/SMAD7 signalling pathway. The precise potential mechanism is yet unclear, but inhibition of miR-21 may be a lurking therapeutic target for diabetic cardiac complications and multiple organ damage. Furthermore, EndMT contributes to fibrosis pathogenesis in different organs, inhibition of miR-21 may be a new therapeutic target for multiple organ damage in diabetes mellitus. 2018kf-01).
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